Abstract Generation of plasma channels by low jitter ablative capillary discharges is investigated experimentally in details. A time-resolved evolution and radial distributions of the electron density are measured, and proof-of-principle optical guiding experiment is conducted. A proper time window for optical guiding of a femtosecond laser pulse is found. The generated low density, long plasma channel is believed to be useful in the applications as GeV-class channel-guided laser wakefield accelerators and compact X-ray femetosecond coherent radiation sources.
Generation of Preformed Plasma Channel for GeV-Scaled Electron
Accelerator 
Introduction
With the experimental breakthrough in generating quasi-monoenergetic electron bunches [1∼3] , the plasma based laser-wakefield acceleration (LWFA) [4] gets closer to practical applications, such as tabletop high energy laser-plasma accelerators and compact Xray femetosecond coherent radiation sources [5] . Such a laser-driven accelerator can sustain an extremely large accelerating gradient, e.g., at an electron density of n p = 10 18 cm −3 the electric wakefield E 0 = 96 GV/m, which is three order of magnitude larger than that in the conventional accelerator. Usually, the propagation distance for laser pulse is limited by the Reyleigh length due to the beam diffraction. Relativistic self-focusing can guide the laser pulse over many Rayleigh lengths in the high electron density regime, but it will be less efficient for the electron density of about 10 18 cm −3 . Generally, the preformed plasma channels are used to overcome the diffraction of a focused laser pulse. However, in a laser-plasma wakefield accelerator, when the pulse of driving laser can propagate over a long enough distance, the accelerating distance of electrons will be mainly determined by the particle-wake dephasing length [6] , which varies as L depth ∝ n −3/2 p over which the speed of the relativistic electron beams overtakes the acceleration phase and reaches the deceleration phase. The energy gain of electrons over a dephasing length varies as W ∝ 1/n p . Hence, the way increasing the electron energy in a single acceleration stage is to reduce the initial ambient electron density, if the laser pulse can propagate in a distance longer than the dephasing length. Therefore, the preformed, lower density and longer plasma channels are required in order to generate energetic electron beams.
Long and low density plasma channels can be generated in either gas-filled capillaries [7, 8] or ablative capillaries [9∼12] by discharges. Recently, the generation of quasi-monoenergetic 1-GeV electrons with 40-TW laser pulses was demonstrated in a gas filled capillary discharge waveguide [13, 14] . In contrast to the gas-filled capillary, the ablative type is usually with a limited lifetime and the plasma channel generated is not fully ionized, which will degrade or even prevent guiding the driving pulse in LWFA by field ionization. But a slow ablative wall capillary is much easier to build up, than the gas-filled capillaries typically made of sapphire, and the field ionization may be beneficial for trapping (ionized) electrons in the laser wakefield [15, 16] . In this paper, a detailed investigation on the characteristics of plasma channel generated with axial laser ignition is reported, which is prepared for the GeV-scaled energetic electron accelerators. Stable discharges with low jitters are obtained and the time-resolved evolution of the electron density distribution is measured. The results show that the radial electron density keeps a parabolic profile within a certain time, which indicates that there is a temporal window for good optical guiding. Finally, a proof-of-principle optical guiding experiment is performed.
Experimental setup
A schematic diagram of the experimental setup applying the axial laser ignition method is shown in Fig. 1 . The plasma channel is generated by a wall ablation discharge in a polyethylene (CH 2 ) n capillary, which is made of two 20-mm long and one 12-mm long segments. A 532-nm Nd:YAG laser is used to trigger the discharge. The laser beam travels along the capillary axis through a negative electrode, focused by a lens with a focal length of 60 mm. The pressure of the vacuum chamber is 2 × 10 −2 Pa. According to the physical mechanisms through which an axial laser pulse initiates an ablative capillary discharge [10] , the breakdown occurs in the radiallyexpanding partially ionized vapor which comes from the significant heating and evaporation of the capillary wall and the electrodes. The minimum breakdown delay can be obtained when the focus of the laser beam is located at a significant distance from the cathode. In the experiment, it was found that the breakdown discharge delay can be further reduced if the F-number of the focusing lens gets smaller. Therefore, an additional three times beam expander is used to reduce the F-number. Under these conditions, the diameter of the diverging beam is equal to or slightly greater than the inner diameter of the cathode entrance in order to ablate the capillary wall efficiently.
Effect of the Stark broadening of the H α line is adopted to evaluate the average electron density along the capillary [17, 18] by imaging the exit of the capillary on the slit of an Acton-SP300i spectrometer, which is equipped with a grating of 1200 g/mm and an Acton-PI-MAX ICCD camera. Both fast photodiode and current monitor (ICT) are used to monitor the ignition pulse and the discharge current, respectively. Finally, an intense 800-nm Ti:Sapphire laser pulse (50 fs, 2 × 10 15 W/cm 2 ) is used to demonstrate the laser guiding of the plasma channel generated.
3 Experimental results
Capillary discharge
Two main aspects of capillary discharge were investigated, namely the breakdown delay time and the shotto-shot stability (the jitter). The breakdown delay time and the corresponding jitters as functions of the discharge voltage for different laser energy, with a capillary internal diameter of 0.5 mm, are shown in Fig. 2(a) . It can be seen that the breakdown delay decreases as the applied voltage increases. And a smaller jitter always appears at a shorter breakdown delay, which is consistent with previous experimental results [10] that an increase in laser energy (intensity) reduces the breakdown delay (and the jitter). For example, the breakdown delay reaches a limit about 7 ns at both a laser energy of 30 mJ and a voltage of 20 kV. Correspondingly, the jitter is below 5 ns, as indicated in Fig. 2(b) , where the discharge's current profile is of an accumulation of 21 shots. A laser pulse with higher energy can generate a denser seed-plasma, which is helpful to trigger the discharge, though this effect is limited by the discharge voltage. Therefore, the way to form shot-to-shot stable plasma channels is to generate enough seed-plasma near the cathode. However, an increase in seed-plasma density by using a pulsed laser with higher energy will reduce the lifetime of the capillary. A dependence of the experimental stability on the seed-plasma is also verified by using a capillary with an internal diameter of 1 mm, as shown in Fig. 2 (c) and (d). A larger internal diameter provides larger breakdown delay time and jitter. This is reasonable since the breakdown occurs in the radial expansion of the partially ionized vapor. The laser intensity decreases at the inner wall of capillary, resulting in a less efficient ionization of the wall material and hence less seed-plasma.
Properties of the plasma channel generated
A temporal evolution of the average electron density after the start-up of the discharge under different laser energy, is shown in Fig. 3 , with a voltage supplied of 15 kV and a capillary's diameter of 0.5 mm. It can be seen that the electron density increases rapidly and reaches a certain limit which depends on the applied voltage. At the early phase of the discharge, the electron density for a laser energy of 16 mJ is somewhat lower than those for a laser energy of 30 mJ and 45 mJ. However, at the later phase, the difference is undistinguishable. It is apprehensible that the laser energy affects the discharge start-up at the early phase in some extent. With the increase in electron density, a higher discharge current flows through the plasma and dominates the further ablation and ionization by Joule heating. Therefore, the influence of the ignition laser energy on the resultant plasma density can be actually neglected in the optical guiding and laser wake-field acceleration experiments.
A temporal evolution of the electron density under different laser energy with different inner diameters of capillary is shown in Fig. 4 . The electron density depends strongly on the applied voltage. When the Fig.3 Temporal evolution of the average electron density for different ignition laser energies with a capillary diameter of 0.5 mm and a discharge voltage of 15 kV Fig.4 Temporal evolution of the average electron density for different discharge voltages at a capillary's diameter of (a) 0.5 mm and (b) 1 mm, respectively. The laser energy is 30 mJ applied voltage is relatively low, the electron density keeps at a low value and the evolution is not obvious. As shown in Fig. 4(a) , in a capillary with a diameter of 0.5 mm, the electron density is below 0.8 × 10 18 cm
at a discharge voltage of 10 kV. At a higher discharge voltage, the discharge current increases rapidly, leading to a rapid increase in electron density in the main discharge phase. For an applied voltage of 20 kV, the electron density will be beyond 4 × 10 18 cm −3 at a moment of 300 ns after the start-up of the discharge.
According to the scaling law [19] , the electron density on the axis of the capillary can be estimated by
[mm], (1) with I max the maximum current and R c the inner radius of capillary. The electron density on axis decreases with the increase in the inner radius. The electron density in a capillary with a diameter of 1 mm is at least one order of magnitude lower than that generated in a capillary with a diameter of 0.5 mm, as shown in Fig. 4(b) . For a capillary with an inner radius of R c , Eq. (1) also exhibits a linear dependence of the on-axis electron density upon the discharge voltage, as shown in Fig. 5(a) . For an applied voltage of 20 kV, according to Eq. (1), the on-axis electron density estimated is consistent with the experimental result at about 350 ns after the start-up of the discharge for a 0.5 mm-diameter capillary. An overestimation occurs at a relatively low applied voltage or a larger capillary diameter, as shown in Fig. 5(b) . However, at a given delay time, e.g., 350 ns for a 0.5 mm-diameter capillary or 300 ns for a 1 mmdiameter capillary, after the start-up of the discharge, the experimental results also indicate that the on-axis electron density increases linearly with the increase of the applied voltage. It is known that the preformed plasma channel determines directly the optical guiding efficiency [20] . A transverse electron density distribution in the capillary at different delay times is shown in Fig. 6 . As shown in Fig. 6(a) , for a 0.5 mm-diameter capillary, a plasma channel with minimum density on the axis is obvious at 300 ns after the start-up of the discharge. If the channel is fitted with a parabolic profile, an effective channel radius can be obtained. However, for a 1 mmdiameter capillary, as shown in Fig. 6(b) , there is always a coaxial plasma ring with the plasma channel. And the plasma channel is generated earlier than that in a 0.5 mm-diameter capillary. 
Optical guiding performance
To confirm the existence of plasma channels, a proof-of-principle optical guiding experiment is conducted in a 0.5 mm-diameter capillary under a discharge voltage of 20 kV. The intensity of the driving pulse (a 800-nm Ti : Sapphare laser) at the focus is about 2 × 10 15 W/cm 2 . Then the nonlinear focusing effects can be neglected [20∼22] and only the preformed channel contributes to the focusing of the driving pulse. Typical images of the un-guided and guided pulses when the light beam of Ti:Sapphare laser is injected into the capillary at different time after the start-up of the discharge are shown in Fig. 7 . A significant guiding effect is obtained at 320 ∼ 350 ns. This is consistent with the electron density profile measured and shown in Fig. 6(a) . The axial electron density in the plasma channel is about 4 × 10 18 cm −3 . This density regime makes the capillary attractive for the single phase electron accelerators to an energy of several GeV driven by a laser system of about Peta-watt. 
Conclusion
In conclusion, an ablative capillary discharge and the time-resolved plasma density in the preformed plasma channel are investigated. With the axial laser start-up, a stable capillary discharge with low shot-to-shot jitter is obtained. The plasma density in the preformed channel depends strongly on the applied voltage and the capillary's internal diameter, while the influence of the ignition laser energy can be neglected. The radial density profile at different discharge time exhibits a good performance of plasma channel with an on-axis density minimum. The optical guiding experiment reveals the existence of temporal window for the plasma formation and the main pulse injection for high energy electron acceleration.
